Ligand field molecular mechanics (LFMM), density functional theory (DFT) and semi-empirical PM7 methods are used to study the binding of two Pt(II)-L systems to an N-terminal fragment of the amyloid-β peptide, where L = 2,2-bipyridyl or 1,10-phenanthroline. Molecular dynamics simulations are used to explore the conformational freedom of the peptide using LFMM combined with AMBER molecular mechanics parameters. We establish a modelling protocol, allowing for identification and analysis of favorable platinum-binding modes and peptide conformations.
to the ensemble. The relative stability of these conformations is due to the inherent stability of binding platinum via Nε in addition to subtle H-bonding effects.
Introduction
Alzheimer's disease (AD) is a widespread neurodegenerative condition associated with progressive cognitive decline in patients. AD is the most common cause of dementia in adults and the fourth most common cause of death in Western countries. 1 The pathogenesis of AD is complex, involving the interplay of a range of molecular, cellular and physiological processes 2 ;
the causes and development of AD are not well understood, with links to both lifestyle 3, 4 and genealogy. 5 Amyloid-β (Aβ) peptide was first recognized as a factor in AD in 1985 6 and has been the subject of the much research in the decades since. The well-publicized amyloid-cascade hypothesis remains popular, if controversial, and suggests that individual Aβ peptides -between 39-43 residues in length -agglomerate, leading to plaque formation. 7, 8, 9, 10 These plaques are thought to be the cause of local inflammation and neuronal cell death. Subsequent effects seen in AD may be caused by this imbalance between Aβ generation and clearance. As such, the early stages of Aβ aggregation form a realistic druggable target for the development of anti-AD therapeutics. 2 The N-terminal region of Aβ contains histidine-rich metal binding sites that are responsible for physiological coordination of transition metals. These metal ions are believed to play an important role in the development of amyloid plaques; analysis of fibrils in Alzheimer's brains proves that they show increased concentrations of transition metal ions such as Cu, Zn and Fe. 11, 12 However, the exact metal binding sites are the subject of debate, with authors showing varied metal coordination involving several different peptide residues, though N-terminal histidines at positions 6, 13 and 14 feature prominently. 13, 14, 15, 16 One route to potential therapeutic agents for AD is the development of compounds that selectively occupy Cu/Zn binding sites on Aβ and so prevent aggregation and oligomerisation. Computational modelling of molecules of this type present significant challenges; quantum mechanical (QM) methods such as DFT are not routinely applicable to large protein systems, especially flexible ones such as Aβ. Classical modelling techniques using molecular mechanics (MM) forcefields typically fail to model the effects of transition metal d-electrons on the structure and properties of coordination complexes. This problem may be circumvented by combining the quantum and classical techniques, using QM for the metal center and MM for the remainder of the system. This QM/MM approach is widely used and has been applied to metal-biomolecule systems similar to those investigated here 22, 23, 24 . However, there is still a significant cost associated with the QM calculation compared to pure MM.
An alternative is ligand field molecular mechanics (LFMM) 25, 26 29, 30 . The aim of this work is to establish a protocol for generating and subsequently analyzing conformations of a series of platinum(II) species bound to a fragment of Aβ peptide (residues 6-14 -see Figure 1 ), with the aim of identifying favorable metal-binding modes and peptide conformations. This model is too small to truly represent the biology of Aβ, but this subset of residues is large enough to contain those important for platinum binding, while remaining such a size that we can benchmark computational results against DFT. This preliminary work presents findings for two platinum-ligand systems:
2,2-bipyridyl (bipy) and 1,10-phenanthroline (phen), the choice of which stem from recent literature. Ultimately, this protocol could be extended to study other ligands, different transition metals such as those of physiological importance (e.g. copper and zinc) 31 or other potential therapeutics of current research interest (e.g. ruthenium) 32 . 
Computational Methods
The peptide sequence His6-Asp-Ser-Gly-Tyr-Glu-Val-His-His14, taken from the N-terminal domain of Aβ was built in an extended conformation in MOE 33 . Pt was added in eight distinct coordination modes (i.e. to His6 and either His13 or His14 through N or N), and the bipyridine or phenanthroline ligand manually constructed. For conformational searching, the resulting complexes were described using molecular mechanics using a combination of ligand field and macrocycles, taking into account complex non-bonded interactions, and is able to locate lowenergy conformations for a variety of structures in a computationally efficient manner 37, 38, 39 .
During initial conformational searches, it was found that often a large portion of the kinetic energy was localized on the four Pt-N coordination bonds. These bonds are not important for exploring conformations since their final position is determined by the LFSE contribution to LFMM. This lead to the LowMode MD search becoming 'stuck' and unable to escape a certain conformation, resulting in the premature termination of the conformational search. We resolved this by fixing the platinum centre, making the mass of this atom effectively infinite.
DFT calculations were performed using Gaussian09 with the BHandH 40 functional with a 6-31G(d) basis set on all atoms in conjunction with a Stuttgart-Dresden (SDD) 41, 42 effective core potential for platinum(II), within a polarizable continuum model (PCM) model of aqueous solvation 43, 44 . The choice of functional was determined by modelling relevant Pt(II) crystal structures, while BHandH has been widely used in description of -stacking and other dispersionbased interactions. 45 In addition, two more modern functionals, B97D and M06-2X, 46, 47 specifically designed to account for dispersion were tested for a subset of complexes. Semiempirical calculations were performed using MOPAC 48 with the PM7 method 49 and the COSMO model of aqueous solvation 50 ; full relaxation was achieved through use of keywords LET and DDMIN=0. Overlay plots were obtained using Chimera imaging software 51 . RMSD values were calculated using a python script obtained via GitHub (https://github.com/charnley/rmsd) 52, 53 .
Results and Discussion
Using the conformational searching protocol described above, searches were performed on the eight platinum binding modes of interest for each ligand system. This produced between 400 and 1600 conformers for each platinum binding mode ( Table 1) . There is appreciable variation between sets which may be at least partially due to the stochastic nature of the LowMode MD method as well as the inherent flexibility of the different complexes. For comparison, an identical simulation of the peptide fragment without Pt-coordination results in 9,962 conformations from 10,000 starting attempts. It is therefore apparent from Table 1 that Pt binding to two His residues allows the peptide chain significant flexibility, no matter which coordination mode is considered, but that this conformational freedom is significantly reduced compared to the free peptide. While the MM protocol used to generate data in Table 1 has been successfully applied to many similar problems, it is important to validate the results it provides against other theoretical approaches. In particular, we note that LFMM has longstanding use for metal-peptide binding, but that Pt (II) is not yet among the metals used. Pt(II) parameters are available, and have been used to model Pt-DNA complexes 29, 30 . In the current case, the relatively flexible peptide fragment contrasts with more structured protein and DNA for which LFMM has typically been used. DFT was therefore applied to a subset of 158 unique low-energy conformers, encompassing several different platinum-binding modes, in order to test further computational methods. We first consider the relative energies of LFMM-generated structures, calculated without further geometry relaxation. We find little correlation between LFMM and DFT relative energies at LFMM geometry (R 2 = 0.14), suggesting that the combined LFMM/AMBER approach does not accurately predict the relative energies of different conformers.
In order to check the reliability of DFT methods used as a benchmark, a set of non- 
The other key consideration of the LFMM results is whether the geometries produced are reliable. We therefore carried out DFT and PM7 geometry optimization of all 158 platinated conformers, and evaluated the all-atom RMSD of the resulting structures from those obtained from LFMM energy minimization. Table 3 reports the results of such comparison, and demonstrates that LFMM and DFT are in good general agreement, i.e. DFT optimization of a selected structure does not significantly alter the overall geometry, indicating that LFMM produces robust geometries. DFT optimization is a laborious task, requiring several CPU-weeks per structure on the computing resources available to us. We therefore also investigated whether the much faster PM7 approach might be suitable for this purpose. Table 3 shows that, on average, PM7-optimised structures are slightly further from DFT ones than LFMM structures (mean RMSD 0.82 vs. 0.67 Å). These values include data from 9 conformers for which PM7 predicts large (> 1.3 Å) RMSD from DFT-optimized geometry. For the remaining 149 structures, the mean RMSD is 0.77 Å.
Interestingly, further DFT optimization for the 9 complexes with large RMSD, starting from the PM7 endpoint produced significant reduction in energy, indicating that in some cases PM7 geometry optimization in MOPAC is able to escape from the local minimum located by LFMM conformational search. One such case is illustrated in Figure 4 below, in which DFT optimization
following initial PM7 refinement leads to a structure that is 62.3 kJ mol -1 more stable than that reached by optimization directly from the LFMM structure. We therefore surmise that PM7/COSMO optimization following initial LFMM conformational search is a useful step in obtaining reliable energy and geometry data. Although the extra step requires significant additional computational effort (PM7 optimization takes approximately 20 minutes per structure on a single compute node), the evidence above indicates that it provides a more balanced set of data than either LFMM alone or PM7 at the LFMM geometry. We therefore performed this step for all conformations located for both ligands, a total of 6506 for bipy and 3726 for phen. The resulting relative energies were collated and used in Boltzmann weighting to determine the binding mode(s) and conformation(s) that contribute significantly to the overall ensemble at 310 K, the results of which are reported in Table 4 . using DFT, and 3 kJ mol -1 using PM7. The data in Table 4 indicate that, out of the several thousand conformations considered, just a small number contribute significantly to the Boltzmann-weighted ensemble. A single conformation accounts for almost 80% of the ensemble of bipy complexes, and four conformations for over 95%. Three low energy conformations account for over 80% of the ensemble of phen complexes, and five account for 99%. This shows that coordination of Pt massively reduces the conformational freedom of the peptide by "pinning" two histidines to the metal center.
There is also a clear preference in coordination mode for each ligand; metal binding occurs via
Nε of His-6 and His-13 for the bipy systems and via Nε of His-6 and His-14 for the phenanthroline systems. This result is particularly promising for the phenanthroline case, since the preferred metal-binding mode identified here (6ε -14ε) was also determined to be the binding mode of this ligand system in experimental work carried out by Ma et al. 19 The fact that a relatively small change in ligand from bipy to phen alters the preferred coordination mode is somewhat surprising, and suggests that binding mode can be controlled through suitable choice of ligand.
To probe this change of binding mode in more detail, Table 5 reports selected details of the DFT-optimized structures of the low energy conformation(s) for each ligand system. These data show that there is almost no variation in Pt-N bond lengths following change in conformation and/or coordinated ligand. In the bipy complex, the bonds to the N-donor ligands are slightly longer than those to the histidine residues of Aβ The Pt-phen complexes identified exhibit markedly fewer H-bonds than the bipy complex, and also no evidence for π-π stacking interactions is found in these low energy conformations (see Figure 5 ). As before, the H-bonds are generally found around residues Glu11 and Asp7, though strong interactions (average length 1.526 Å over the three phen conformations) were identified between the hydroxyl group of Tyr10 and Asp7.
Conclusions
LFMM has previously been demonstrated to be a powerful tool in predicting geometries and conformations of biomolecules bound to TM species. In the present work, we aim to apply this methodology to the study of platinum-complexes of the type studied by Barnham 17, 21 bound to model amyloid-β fragments in order to determine favourable metal-binding modes and peptide conformations. Thorough exploration of the conformational space of these biomolecules was achieved using LowMode MD in conjunction with AMBER molecular mechanics parameters.
Comparison of calculated relative energies of a subset of these conformations indicates that LFMM fails to reproduce DFT results (R 2 = 0.14). However, QM evaluation of structures of this size is computationally expensive, so the less expensive semi-empirical PM7 method was utilized, which agrees well with QM results (R 2 = 0.78); PM7 therefore reproduces DFT energies at a much lower computational cost. In addition, PM7 optimization generally retains the DFT structure, with average all-atom RMSD of 0.817 over 158 conformers. This illustrates that PM7 accurately reproduces DFT geometries as well as energies. The present results indicate that PM7 is an appropriate and computationally manageable approach to modelling these metal-biomolecule systems.
This semi-empirical approach was subsequently extended to all conformations identified by LFMM. Statistical thermodynamics was applied to the generated databases in order to generate relative populations of each conformer at 310K. It was found that platinum coordination occurs via the Nε atom in His residues for both of the ligands investigated here. Favorable platinumcoordination modes were identified for each ligand: 6ε-13ε and 6ε-14ε for bipy and phen, respectively. Furthermore, this change in binding mode for different ligands suggests that the binding mode can be controlled by the choice of ligand.
In the bipy systems, the Boltzmann population is dominated by a single conformer that accounts for almost 80% of the weighted ensemble containing a large number of intramolecular H-bonds and a possible π-stacking interaction between His 14 and the bipy ligand. In the phenanthroline case, three conformations make significant contributions to the ensemble. Each of these conformations contains fewer intramolecular H-bonds than the dominant bipy conformation and no evidence of π-π stacking interactions was found.
As this work continues, research will focus on two areas. Firstly, the peptide fragment will be extended to at least the Aβ1-16 unit studied in experimental work 19, 54 . This would allow confirmation of platinum binding modes on a more realistic model of biological Aβ. Additionally, this modelling protocol may be used to study other ligands, such as those investigated by Barnham et al., 21 Collin et al. 55 and Yellol et al. 56 and Furthermore, the flexibility of LFMM allows the study of different transition metals such as those of physiological importance (e.g. copper and zinc) 31 or other potential therapeutics of current research interest (e.g. ruthenium 32 or mixed-metal complexes 57 ).
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